Ab st r a c t Video imaging systems c o n s i s t i n g of s c i n t i l l a t o r s and charge-coupled d e v i c e (CCD) cameras and in-beam CCD d e t e c t o r s are being used t o c h a r a c t e r i z e beams a t t h e Argonne N a t i o n a l Laboratory (ANL) 50-MeV H-beaml i n e .
The images are d i g i t a l l y recorded u s i n g a frame grabber.
The images are s t o r e d i n computer memory where they a r e analyzed t o d e t e rmine Twiss parameters and l o c a l beam divergence.
S i n c e many of t h e s e measurements i n v o l v e low i n t e n s i t y beams and r e q u i r e good p o s i t i o n r e s o l u t i o n , s t u d i e s have been performed on s c i n t i l l a t o r s t o o b t a i n sensit i v i t y and r e s o l u t i o n d a t a .
Various s c i n t i l l a t o r s , i n c l u d i n g Rarex, C s I , and CaF2, have been e v a l u a t e d .
An in-beam CCD imager h a s also been t e s t e d .
I n t r o d u c t i o n Video imaging systems c o n s i s t i n g of 1) s c i n t i ll a t o r s and CCD cameras and 2) in-beam CCD d e t e c t o r s a r e being used t o c h a r a c t e r i z e beams a t t h e ANL 50-MeV H-beamline [ l ] . Video systems have long been used t o monitor t h e s p a t i a l p r o f i l e of charged p a r t i c l e beams i n beam t r a n s p o r t systems. With t h e advent of inexpensive, high q u a l i t y video imaging systems and t h e widespread a v a i l a b i l i t y of powerful o n l i n e computer systems, i t h a s become p r a c t i c a l t o e x t r a c t a d d i t i o n a l beam c h a r a c t e r i z a t i o n i n f o r m a t i o n from
video images i n n e a r real time.
The c h a r a c t e r i z a t i o n technique i n v o l v e s p l a c i n g a mask i n t h e beam and viewing downstream t h e r e s u l t i n g image t o determine t h e e m i t t a n c e , divergence, o r beam a b e r r a t i o n s .
The beams t o be c h a r a c t e r i z e d a t t h e ANL beamline a r e produced by a 50-MeV l i n a c . P u l s e w i d t h s up t o s e v e r a l hundred Usee and r e p e t i t i o n r a t e s up t o 30 Hz are being used. Beams w i t h c u r r e n t d e n s i t i e s a s low as a few hundred nA/cm2 and a s high a s an A / c d and d i a m e t e r s a s l a r g e a s t e n s of c m are being imaged.
The beam c h a r a c t e r i z a t i o n t e c h n i q u e s o f t e n r e q u i r e high s e n s i t i v i t y d e t e c t o r s w i t h good p o s i t i o n resolut i o n .
A s c i n t i l l a t o r -b a s e d CCD d i a g n o s t i c h a s good s e n s i t i v i t y and p o s i t i o n r e s o l u t i o n and a l a r g e dynamic range.
An in-beam CCD can d e t e c t s i n g l e p r o t o n s and h a s e x c e l l e n t p o s i t i o n r e s o l u t i o n , but t h e dynamic range i s l i m i t e d .
The two systems t h a t a r e c u r r e n t l y being used a r e d e s c r i b e d i n t h e f o l l o w i n g s e c t i o n s .
S c i n t i l l a t o r Beam D i a g n o s t i c
A schematic of a t y p i c a l s c i n t i l l a t o r based beam c h a r a c t e r i z a t i o n system i s shown i n F i g u r e 1.
The system c o n s i s t s of a beam mask, a f l u o r e s c e n t s c r e e n , a camera, and a computer-based image a c q u i s i t i o n and a n a l y s i s system.
The mask may be composed of A n e u t r a l i z i n g f o i l and sweep magnet a r e placed between t h e mask and t h e s c i n t i l l a t o r t o produce a n e u t r a l beam which i s no! a f f e c t e d by s t r a y magnetic f i e l d s . In o r d e r t o optimize t h e video d i a g n o s t i c system, i t i s n e c e s s a r y t o use a f l u o r e s c e n t m a t e r i a l which matches t h e o p t i c a l c h a r a c t e r i s t i c s of t h e camera.
In the system used a t ANL, CCD cameras are employed. The major performance b e n e f i t s of a CCD imager r e l a t i v e t o a v i d i c o n a r e t h e e s s e n t i a l l y z e r o geometric d i s t o r t i o n and reduced blooming.
The standard CCD h a s v e r y low quantum e f f i c i e n c y f o r wavelengths less t h a n 400 nm, u n l e s s s p e c i a l c o a t i n g s a r e used. Samples of v a r i o u s f l u o r e s c e n t m a t e r i a l s have been examined.
The parameters of i n t e r e s t are t h e amplitude and s p e c t r a l d i s t r i b u t i o n of t h e e m i t t e d l i g h t , t h e f l u o r e s c e n c e decay time, and t h e s p a t i a l r e s o l u t i o n .
The s c i n t i l l a t o r s c r e e n s used i n t h e ANL d i a g n o s t i c system a r e f a b r i c a t e d u s i n g v a r i o u s p r e p a r a t i o n s of Gd2@S(Tb).
T h i s m a t e r i a l i s among t h e b r i g h t e s t of t h e many materials t e s t e d . It i s commercially a v a i l a b l e from M C I Optonics under t h e t r a d e name Rarex BG. Rarex BG Regular i s f a b r i c a t e d w i t h a r e f l e c t i v e backing t o maximize l i g h t o u t p u t . Rarex BG F i n e u s e s h a l f t h e t h i c k n e s s of f l u o r e s c e n t material and a l i g h t absorbing backing t o optimize s p a t i a l r e s o l u t i o n .
The r e l a t i v e video a m p l i t u d e s and s p a t i a l r e s o l u t i o n s were r e c e n t l y measured f o r Rarex BG F i n e , Rarex BG Regular and a 1-nun-thick sample of CaFp(Eu).
The r e l a t i v e b r i g h t n e s s , a s observed w i t h a Sony XC-77 camera a r e 0.32, 1.0, and 0.58, r e s p e c t i v e l y .
The s p a t i a l r e s o l u t i o n s (FWHM) a r e 114, 392, and 120 pm, r e s p e c t i v e l y .
*Work performed under t h e a u s p i c e s of t h e U.S. Department of Energy and supported by t h e U.S. Army S t r a t e g i c Defense Command.
U.S. Government work not protected by U.S. copyright. The cameras use i n t e r l i n e t r a n s f e r CCDs w i t h 485 rows.
The XC-77 h a s 768 h o r i z o n t a l p i c t u r e elements; t h e XC-39 h a s 384 elements.
The c e l l s i z e f o r t h e XC-77 i s 11.0x13.4 u m ; t h e s i z e f o r t h e XC-39 i s 23.Ox13.4 um.
Both cameras a l l o w e x t e r n a l sync.
The automatic g a i n c o n t r o l i s turned o f f . The gamma i s set t o one 80 t h a t t h e o u t p u t v o l t a g e i s p r o p o r t i o n a l t o t h e charge g e n e r a t e d i n t h e cell.
Since t h e beam p u l s e from t h e l i n a c i s synchron i z e d t o t h e AC l i n e , a sync g e n e r a t o r i s needed t o s l a v e t h e camera t o t h e l i n e and t r i g g e r t h e frame grabber.
The frame g r a b b e r , which i s on t h e Q bus of t h e computer, h a s two pages of 640x480 memory. The frame grabber d i g i t i z e s t h e i n p u t v i d e o t o e i g h t b i t s . Among t h e s e are procedures t o l o c a t e , window, and perform moment a n a l y s i s on beamlet images.
However, t h e v i d e o i n f o r m a t i o n f o r a p i x e l i s s t o r e d i n
12 b i t s 60 t h a t f a l s e . c o l o r and o t h e r enhancements are p o s s i b l e . The image i s d i s p l a y e d on a standard RGB monitor. The video d i a g n o s t i c system i s used t o determine t h e beam c h a r a c t e r i s t i c s from t h e mask image on a downstream s c i n t i l l a t o r . T h i s r e q u i r e s t h a t t h e o p t ic a l system be c a l i b r a t e d t o relate t h e image p i x e l p o s i t i o n s t o s c i n t i l l a t o r p o s i t i o n s . P r e c i s i o n o p t ic a l p a t t e r n s a r e imaged and c o r r e c t i o n c o e f f i c i e n t s determined.
An i n t e r a c t i v e image a c q u i s i t i o n and a n a l y s i s program h a s been developed f o r t h e Microvax I1 using t h e Imaging Technology
A FFT r o u t i n e u s i n g a Cooley-Tukey a l g o r i t h m , was developed t o a u t o m a t i c a l l y i d e n t i f y images above t h e background noise. I n t e r a c t i v e a n a l y s i s procedures e n a b l e t h e u s e r t o e n t e r d a t a on t h e geometric arrangement of t h e mask-fluor system and c a l c u l a t e t h e beam parameters.
T h i s system was used w i t h a pinhole p l a t e t o determine t h e Twiss p a r a m e t e r s of a beam e n t e r i n g a t e l e s c o p e [ 2 ] .
F i g u r e 2 shows an example of a p i n h o l e image t h a t was used t o determine t h e Twi ss parameter S.
Pinhole images have been o b t a i n e d f r beams with c u r r e n t d e n s i t i e s of a few hundred nA/cm' f o r a pulse width of about 100 usec.
S p a t i a l r e s o l u t i o n s f o r t h e h i g h r e s o l u t i o n s c i n t i l l a t o r s of c l o s e t o 100 pm have been obtained.
The s c i n t i l l a t o r -b a s e d CCD imager h a s a broad dynamic range.
Beams w i t h c u r r e n t d e n s i t i e s a s h i g h as A/cm2 have been imaged, but t h e s c i n t i ll a t o r d e g r a d e s r a t h e r r a p i d l y .

In-Beam CCD D e t e c t o r
The p o s s i b i l i t y of u s i n g a CCD a s a p r e c i s i o n d e t e c t o r a r r a y f o r charged p a r t i c l e s was f i r s t evalua t e d i n 1981 131.
Since t h a t time, v a r i o u s groups have worked i n t h i s a r e a [41.
One a p p l i c a t i o n t h a t h a s r e c e i v e d a c o n s i d e r a b l e amount of a t t e n t i o n i s t h e i r u s e i n v e r t e x d e t e c t o r s f o r h i g h energy physics r e s e a r c h [ 5 ] .
I n g e n e r a l , t h e s e programs have used s p e c i a l l y designed readout e l e c t r o n i c s and have used s p e c i a l n o i s e r e d u c t i o n t e c h n i q u e s , such a s c o o l i n g , t o reduce t h e noise.
For our a p p l i c a t i o n , we wanted F i g u r e 2:
Image of a pinhole mask t h a t i s used t o determine t h e Twiss parameters.
t o determine i f i t were p o s s i b l e t o use a simple, commercial CCD camera o p e r a t i n g a t a h o r i z o n t a l sweep frequency of 15750 Hz w i t h 60 f i e l d s / s e c and 2 : l i n t e r l a c e a s a p a r t i c l e d e t e c t o r .
W e chose a Sony XC-39 camera. F i g u r e 3 shows t h e b a s i c s t r u c t u r e of t h e CCD.
'This p a r t i c u l a r camera uses i n t e r l i n e t r a n s f e r .
The photosensors a r e placed next t o v e r t i c a l s h i f t r e g i s t e r s .
T h i s k e e p s t h e s i z e of t h e a r r a y small.
The s e n s i t i v e a r e a i s 8 . 8 mm wide and 6.6 mm 'high.
The charge from each of t h e p h o t o s e n s o r s i s t r a n s f e r r e d t o i t s companion v e r t i c a l r e g i s t e r a t t h e same t i m e .
The v e r t i c a l s h i f t r e g i s t e r s are then s h i f t e d one row a t a time t o t h e h o r i z o n t a l s h i f t r e g i s t e r which communicates t o t h e o u t s i d e world through an o u t p u t a m p l i f i e r on t h e chip. The p h o t o s e n s o r s a r e a b l e t o c o l l e c t charge d u r i n g t h i s time.
During normal o p e r a t i o n a s a camera, almost a l l t h e charge i s c o l l e c t e d i n t h e p o t e n t i a l w e l l s l o c a t e d below t h e photosensors. 
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Figure 3: CCD s t r u c t u r e f o r an i n t e r l i n e CCD.
d i f f u s e s i n t o t h e d e p l e t i o n region where i t i s c o l l e c t e d .
The e l e c t r o n s and h o l e s t h a t form below t h e top 20 pm i n t h e s u b s t r a t e , which i s t y p i c a l l y a few hundred pm t h i c k , q u i c k l y recombine.
Thus, t h e e f f e c t i v e s e n s i t i v e r e g i o n of t h e CCD f o r charged p a r t i c l e s p a s s i n g through i t i s about 15 pm t h i c k .
The CCD d e t e c t o r h a s been used a t our f a c i l i t y t o image H-, H o , and H+ p a r t i c l e s . A 50-MeV H-i s l i k e a 50-MeV proton and two 27-keV e l e c t r o n s .
The range of a 27-keV e l e c t r o n i n s i l i c o n i s about 5 U m .
Some of t h i s energy l o s s w i l l be i n t h e d e p l e t e d r e g i o n , s i n c e t h e dead l a y e r i s probably no more t h a n a few pm t h i c k .
Thus, i t i s r e a s o n a b l e t o assume t h a t f o r an e l e c t r o n about 20 keV i s l o s t i n t h e d e p l e t e d region.
The energy l o s s f o r a 50-MeV proton i s 2.3 keV/pm, which i s about t e n t i m e s t h e energy l o s s of a minimum i o n i z i n g p a r t i c l e .
The energy l o s s of t h e proton i n t h e CCD i s t h u s about 30 keV.
Most of t h e experiments t h a t we conducted used @ p a r t i c l e s , so t h a t t h e t o t a l energy l o s s would be about 50 keV i n t h e s e n s i t i v e region. 
Even w i t h t h i s l i m i t a t i o n , t h e high s e n s i t i v i t y and e x c e l l e n t posit i o n r e s o l u t i o n , make t h i s t h e d e t e c t o r of choice f o r c e r t a i n s p e c i a l a p p l i c a t i o n s .
One of t h e experiments conducted on t h e beamline involved imaging a narrow long s l i t t o determine t h e divergence of t h e beam.
A Sony XC-39 camera, i n c l u d i n g t h e e l e c t r o n i c s , was placed i n vacuum. The only m o d i f i c a t i o n t o t h e camera was t o break t h e cover g l a s s on t h e CCD and t o move t h e e l e c t r o n i c s o u t s i d e t h e beam. Figure 4 shows t h e image of a s l i t t h a t i s 25 U m high and 3 mm wide. Some of t h e b r i g h t s p o t s i n t h e wings a r e probably i n d i v i d u a l protons.
The t r a c e s along t h e a x e s a r e t h e i n t e n s i t i e s f o r a s i n g l e row o r column.
Some of t h e b r i g h t e r p i x e l s have i n t e n s i t y v a l u e s t h a t a r e near s a t u r a t i o n .
W e have a l s o imaged p i n h o l e s a s m a l l a s 10 pm diameter w i t h t h e d e t e c t o r .
Conclusion
Modern video imaging systems a l l o w beam charact e r i z a t i o n s t u d i e s t o be c a r r i e d out i n near r e a l time.
A t t h e ANL 50-MeV H-beamline, s c i n t i l l a t o r s and CCD cameras a r e used t o determine t h e Twiss parameters.
An in-beam CCD h a s been used t o measure beam divergence. T h i s d e t e c t o r can r e g i s t e r i n d i v i d ua l p r o t o n s and h a s e x c e l l e n t r e s o l u t i o n .
However, t h e s e d e t e c t o r s a r e r a t h e r small i n s i z e and have a l i m i t e d dynamic range. R e f e r e n c e s C.L. Fink, e t a l . , "NPBTS--Overview and C a p a b i l i t i e s , " t o be presented a t t h e IEEE P a r t i c l e A c c e l e r a t o r Conference, Chicago, 1989. A.A. Hassan, C.L. Fink, and M.G. Rosing, "A Beam C h a r a c t e r i z a t i o n of H-P a r t i c l e s , " t o be presented a t t h e IEEE P a r t i c l e A c c e l e r a t o r Image of a 25-pm high and 3-mm wide s l i t c o l l e c t e d w i t h an in-beam CCD d e t e c t o r .
